ABSTRACT A parameter is developed which relates the amino acid composition and subunit size of a protein to the degradative rate in vivo. This parameter was calculated for 11 rat liver proteins and a plot versus the halflives of these proteins is linear and has a coefficient of correlation of -0.96. Evidence is presented which suggests that the density of excess acidic amino acids on the surface of the protein is the most important factor in determining differential turnover. The existence of continual intracellular protein renewal or turnover has been studied in many laboratories since the advent of the use of isotopes (1-5). Careful studies have shown that intracellular protein degradation obeys first order kinetics and therefore each protein has a particular half-life or t1/2 value.
There are many technical difficulties in determining this value for a particular protein, most of which result in an overestimate of the turnover time. As the techniques for the determination of the t1/2 value have improved, the published values have tended to decrease (3, 4) . Schimke et al. (6) showed that in various eukaryote tissues the larger subunits have a tendency to be degraded more rapidly than smaller ones. Dice and Goldberg found a correlation between the logarithm of the subunit molecular weight and the measured or estimated half-life of 33 rat liver proteins (7) . A straight line plot of the log of the subunit molecular weight versus the turnover time showed a coefficient of correlation of -0.60. More recently, Dice and Goldberg have obtained a relationship between the isoelectric point and the half-life of 22 rat liver proteins for which both these parameters are known (8) . A straight line plot of the isoelectric point for these proteins (sometimes estimated from the isoelectric point of homologous proteins from other animals) versus the t1/2 value gives a correlation coefficient of -0.82. These results suggest that the turnover time of a protein must be dependent at least in part upon the composition and structure.
In this work a parameter is developed which is both a function of subunit size and the amino acid composition and is proportional to the turnover time. This parameter and a study of the primary sequence of some of the proteins considered has emphasized that the overall surface polarity of a protein rather than a specific site on the protein surface may be the more important factor regulating its in vivo half-life.
RESULTS AND DISCUSSION
In order to calculate a parameter that is based on both subunit size and amino acid composition and that is related to protein turnover, it is necessary to select proteins whose subunit number and amino acid composition are well established or can be reasonably approximated. In addition, the turnover time must have been carefully measured during conditions close to the ' 9 , 10) and those after stimulation by hormones (e.g., 11) were not used. In addition certain enzymes, such as serine dehydratase of rat liver, are extremely sensitive to the level of amino acids and glucose in the diet (12) and in those cases the unperturbed or basal rate of turnover is difficult to assess. One exception to the above rule was made in the case of glucose-6-phosphate de- hydrogenase. Although the ti/2 value for this enzyme was not determined in the steady state, the rate of change of the enzyme was used to estimate the steady state rate of 15 hr as quoted by the author (13). As mentioned above, the measured half-life of any protein has to be interpreted with caution, since it may be a basal rate which can be altered by the effect of adaptive mechanisms in response to dietary or hormonal changes. If more than one t1/2 value was reported for an enzyme in rat liver (steady state on any diet) we utilized the smallest value, since many errors in measurements of turnover overestimate the tl/2 value because of problems such as recycling of the released amino acids (3, 4) . The amino acid composition of rat liver proteins whose tl/2 value has been estimated is also not always available (e.g., ornithine decarboxylase). Less commonly, the ti/2 value and amino acid composition may be known, but the number and size of subunits of the enzyme is not definitely established (e.g., alanine amidotransferase and acetyl-CoA carboxylase) (14) (15) (16) (17) (18) . Finally, in the case of the protein ferritin, the ti/2 value has been studied but the amino acid composition has recently been shown to be that of two quite different subunits (19) . Both the amino acid composition and the steady-state ti/2 value have been determined for five rat liver proteins (Table 1 ). In the six remaining proteins considered, the tl/2 value is known and the amino acid composition can be approximated by using compositions of homologous proteins from 3093 * To whom reprint requests should be directed. (27) Rat liver (37) (38) * Numbers in parentheses refer to appropriate references. t S is the number of amino acids on the surface of the monomer calculated as described in the text. t All amino acid residues are per monomer.
§ The sum of the acidic residues (A) minus the sum of the basic residues (B), this result is divided by S. ¶ This enzyme has four equal-sized subunits. There are two pairs of similar but not identical subunits (29) .
relatpd species. Clearly, this is an approximation which could units are spherical molecules. Proteins have a density of apobscure the validity of the results. However, such an approxiproximately 1.35 g/cm3 and dividing the molecular weight by mation does allow the input of data from 11 proteins rather than the density and also dividing by Avogadro's number gives the just five. volume of one molecule of protein which is then expressed in The turnover of the 11 proteins listed in Table 1 (Fig. lb) . This value is lower than before but does include two new data points (Table 3 ) from proteins whose subunit size is presently not known or is in dispute but whose molecular weight is known. If Dice and Goldberg's plots of the log of the subunit molecular weight and isoelectric point versus ti/2 are recalculated considering only those 11 proteins originally considered above, the coefficient of correlation of the plot of the-log of the subunit molecular weight versus t1/2 value improves from -0.60 to -0.63 and the fit of isoelectric point versus the ti/2 value improves from -0.82 to -0.84. This latter method has an advantage in that the pI is known for more proteins than is the amino acid composition, although Dice developed here appears to be a more fundamental relationship but needs to be tested by the input of more data as such becomes available. An additional source of error may be the paucity of data concerning the number of acidic groups which are actually amidated and occur as glutamine or asparagine. It seems clear that the information for the rate of protein turnover in a cell resides, at least in part, in the makeup of the protein itself (3). The correlation shown in Fig. la enhances this conclusion. Moreover, the fact that a correlation can be made between turnover time and the entire amino acid composition argues against a specific site on the protein which is a singularly important recognition signal for the turnover proteases. Rather, the parameter of Fig. la stresses the importance of the overall surface polarity of the molecule. In order to test this hypothesis in a more detailed manner we have searched for possible correlations between the amino acid sequence of a protein and its half-life. Of the proteins treated, only three have been sequenced, namely, cytochrome c (38), aldolase (34) , and glyceraldehyde-3-phosphate dehydrogenase (35) . Lactate dehydrogenase, isozyme 5, has been sequenced from dogfish (48) . Another protein, cytochrome b5, has been partially sequenced and this protein (minus 40 residues on the end) was considered (49) . The primary structure of pig heart aspartate aminotransferase is also known (40) , but the turnover time in rat liver has not been carefully determined. The data from Fig. la were used to estimate the basal turnover time for this enzyme. In order to gain some insight as to probable regions of secondary structure (a-helical regions and ,8-bends) computational predictive methods were used which require only the primary structure. The helical predictive algorithm utilized was that of Lewis et al. (50) and the ,8-bend algorithm that of Lewis et al. (51) . The information derived from any predictive algorithms is presently insufficient to allow a determination of the complete three-dimensional structure of these proteins. However, it should be possible to use the information obtained from such algorithms to search for possible correlations between secondary structural properties and the protein turnover or degradation rate. Several criteria were established for this search. First, the assumption was made that there is no large thermal or pH-induced unfolding of cellular proteins in tvo; thus, any portions of the polypeptide chain which become, or are naturally, accessible to proteolytic enzymes arise from a structure very close to the native conformation. Second, it has been shown from in vitro studies (52) that in general known proteolytic enzymes do not attack residues in the helical regions, or those residues buried inside the protein (53), while they do attack at surface exposed residues (u-bends or extended regions). Further, even if the protein exists in a number of conformational states in the physiological environment, the helix regions most probably persist, relatively intact from one state to the next (54) . Third, the kinetics of proteolytic attack of native proteins appears to follow first-order kinetics (55) . It has been suggested that the first "hit" or "nick" is the rate-limiting step and that further degradation is rapid, relative to this step (3).
The secondary structural profiles of the six proteins mentioned were calculated and a search was initiated for a correlation between turnover half-life and (a) percent helix and (b) the percent ,3-bends or chain reversal sites (four residues per bend, and excluding occurrences of bends which fall in helical regions Fig. 2 for the four proteins whose sequence can be approximated from homologous sources. The sequence of lactate dehydrogenase from dogfish was included even though this species is not closely related phylogenetically to the rat. Finally, pig heart aspartate aminotransferase was also included. The sequence is known and the t1/2 was predicted from the empirical correlation of Fig. la Fig. 2 and also the small number of proteins considered, a plot of t1/2 versus the calculated parameter, utilizing only the acidic and basic residues indicated in Fig. 2 (58) . The essential elements of this second explanation have been expressed previously (3, 4) but the correlation found in this work offers additional support for such models.
